Some data suggest that the colonic microflora may adapt to produce more butyrate if given time and the proper substrate. To test this hypothesis, we investigated the effect of prolonged feeding of resistant potato starch on butyrate production. Rats were fed on either a low-fibre diet (basal) or the same diet supplemented with 90 g resistant potato starch/kg (PoS) for 0⋅5, 2 and 6 months. Short-chain fatty acid (SCFA) concentrations were determined in caecal and colonic contents at the end of each ingestion period. Total SCFA concentration increased over time throughout the caecocolonic tract with PoS, but was not modified with the basal diet. While propionate concentration was unchanged, butyrate concentration was highly increased by PoS at each time period in both the caecum and colon. Moreover, the butyrogenic effect of PoS increased over time, and the amount of butyrate was increased 6-fold in the caecum and proximal colon and 3-fold in the distal colon after 6 months compared with 0⋅5 months. Accordingly, the ratio butyrate : -total SCFA increased over time throughout the caecocolonic tract (12⋅6 (SE 2⋅8) v. 28 (SE 1⋅8) % in the caecum, 10⋅5 (SE 1⋅4) v. 26⋅8 (SE 0⋅9) % in the proximal colon, and 7⋅3 (SE 2⋅4) v. 23⋅9 (SE 2⋅7) % in the distal colon at 0⋅5 v. 6 months respectively), while the proportion of acetate decreased. Neither the proportion nor the concentration of butyrate was modified over time with the basal diet. Butyrate production was thus promoted by long-term ingestion of PoS, from the caecum towards the distal colon, which suggests that a slow adaptive process occurs within the digestive tract in response to a chronic load of indigestible carbohydrates.
There is increasing evidence that short-chain fatty acids (SCFA), the end-products of colonic fermentation, have specific effects on gut function and metabolism. In this respect, butyrate production, as the preferential colonocyte energy source Roediger, 1995) , is of particular interest since it contributes to the maturation of colonic epithelium (Cherbuy et al. 1995) and to mucosal regeneration in the event of atrophy (Sakata, 1987; Tappenden et al. 1997) . Butyrate also has antiproliferative effects on tumour cells in vitro, which suggests that it may protect against tumourigenesis. It inhibits DNA synthesis and arrests cultured cancerous cells in the G 1 phase of the cell cycle (Toscani et al. 1988; Siavoshian et al. 1997) . It induces differentiation of these cells, producing a phenotype typically associated with the normal mature cell (Whitehead et al. 1986) , and inhibits the expression of several proto-oncogenes relevant to colonic carcinogenesis (Young & Gibson, 1995) . In addition, SCFA influence gastrointestinal motility (Ropert et al. 1996; Cherbut et al. 1998) , release several intestinal peptides, stimulate mucosal blood flow (Mortensen et al. 1994) , and enhance fluid and Na absorption (Roediger & Moore, 1981) . As butyrate appears to be the most potent SCFA for all these physiological effects, many nutritionists have tried to vary its concentration in the gastrointestinal tract through the use of diets. However, the mechanisms controlling colonic butyrate production are still largely unknown.
Starches, and certain dietary fibres such as wheat bran, can produce more butyrate than other carbohydrates (McIntyre et al. 1993; Salvador et al. 1993; Martin et al. 1998) . However, many factors other than substrate determine the pattern of SCFA production. Of course, the relative proportion and/or activity of bacterial genera is a key factor (Macfarlane & Gibson, 1995) as well as environmental conditions such as fluid rate and pH. Moreover, the time required for intestinal microbiota to adapt to the chronic load of a substrate may be important. For instance, caecal butyrate concentration increased over time in rats fed with gum arabic (Tulung et al. 1987) or cooked haricot beans (Key & Mathers, 1995) . Bianchini et al. (1992) found lower acetate : butyrate ratios in rat caecal contents after 105 d of a maize-starch diet than after 30 d. In vitro fermentation of guar gum with faeces from rats adapted to a guar-containing diet showed that butyrate production increased with the length of the adaptation period (Weaver et al. 1996) . These findings suggest that prolonged feeding of a substrate with potential for butyrate production may select butyrate-producing bacteria and enhance the concentration and molar proportion of butyrate in the hindgut.
In the present study, we tested the hypothesis that longterm and short-term ingestion of resistant potato starch, which is known to be a potent butyrogenic substrate (Martin et al. 1998) , would produce different concentrations and molar proportions of butyrate throughout the caecocolonic tract. Rats, which provide a suitable model for access to the contents of the entire caecocolonic tract, were fed on either a low-fibre diet containing starch or the same diet enriched with resistant starch from potato for 0⋅5, 2 and 6 months.
Materials and methods

Animals and diets
Thirty-six male Wistar rats (Janvier, Le Genest Saint Isles, France), with an initial mean weight of 115 (SE 1) g, were divided into six groups of six rats each and fed on two different diets for 0⋅5, 2 or 6 months. Rats were placed in suspended wire-mesh-bottomed cages so that coprophagy was not possible. The two experimental diets differed only in the proportions of pregelatinized maize starch and raw potato starch (Table 1) . Raw potato starch was included in the potato starch diet (PoS) at the expense of maize starch at a level of about 120 g/kg. As raw potato starch contained 765 g resistant starch/kg, the amount of resistant starch provided by PoS was 90 g/kg. Resistant starch was determined by the method of Champ et al. (1999) . Briefly, resistant starch was defined as that starch of the raw PoS which was not hydrolysed by incubation with a-amylase (EC 3.2.1.1) in vitro. Amyloglucosidase (EC 3.2.1.3) was added to avoid inhibition by by-products of amylase digestion. Hydrolysis products were extracted with ethanol (800 ml/l) and discarded.
The resistant starch was then solubilized with 2 M-KOH and hydrolysed with amyloglucosidase. Glucose was analysed using the u.v. method (Boehringer Mannheim, catalogue no. 716 251; Mannheim, Germany) . Rats were individually housed in suspended wire-mesh-bottomed cages and maintained at 23Њ in an animal room with a 12 h light-dark cycle. Food and water were allowed ad libitum. Food intake and body weight were recorded every 2-3 d during the first 2 weeks, and then twice monthly. All experiments were in accordance with National Research Council guidelines for the care and use of laboratory animals (Maurin-Blanchet, 1997).
Transit time and faecal output
At 1 week before killing, rats were placed individually in metabolic cages and acclimated for 2 d. On the third day, 4 ml PEG 4000 (100 ml/l) was administered by oral administration to each rat. PEG is a soluble marker of transit; however, it is possible to use it to evaluate total transit time. First, it has a very high capacity for dispersion in the aqueous phase and hydrated components of luminal contents, which represents about 75 % of caecal contents and 50 % of stools in the rat. Second, it has been shown that the overall transit times of solids and liquids are not significantly different in non-ruminant animals (Van Soest et al. 1983; Luick & Penner, 1991; Hammer & Phillips, 1993) . The faeces of rats fed with PEG were then collected and weighed every 3 h for 4 d. Collected faeces were freeze-dried, weighed and pulverized to determine PEG concentration according to the method of Hyden (1955) . Mean transit time was calculated as the time required for the excretion of 50 % of the initial PEG.
Caecum collection
At the end of each adaptation period, rats were killed by intracardiac injection of sodium pentobarbital. The caecum and colon were immediately removed and carefully dissected free from fat and mesentery, and the colon was divided into two halves (proximal and distal) before the contents were removed and weighed. Caecal content was divided into four parts: (1) about 0⋅8 g was collected into a sterile assay tube for bacterial enumeration; (2) about 0⋅2 g was immediately frozen at −80Њ for further analysis of lactate; (3) about 0⋅3 g was added to 0⋅75 ml HgCl 2 solution (1 g/l) and 0⋅105 ml H 3 PO 4 solution (50 ml/l) and frozen at −80Њ for further analysis of SCFA; and (4) residual material was used for DM determination. A portion (0⋅3 g) of colonic contents was sampled and added to 0⋅75 ml (proximal colon) or 0⋅9 ml (distal colon) HgCl 2 solution (1 g/l) and 0⋅105 ml H 3 PO 4 solution (50 ml/l) for SCFA analysis. The weight of each portion was recorded precisely before further treatment.
Bacterial enumeration
Samples for the enumeration of selected genera of colonic bacteria were serially diluted 10-fold with one-fourth strength peptone-water anaerobic broth within 2 h after collection. A 100 l sample of the appropriate dilution was inoculated onto each of two duplicate plates using unselective media 420 G. Le Blay et al. . Lactic acid bacteria are known to produce lactic acid as a major endproduct of metabolism. In the large intestine, these bacteria can be considered to include bifidobacteria (Macfarlane & Gibson, 1997) . Plates were incubated aerobically or in an anaerobic chamber (H 2 -CO 2 -N 2 , 5 : 10 : 85, by vol.) for 24 or 72 h as appropriate. After incubation, single colonies were counted, and the results were expressed as the log 10 of the colony-forming unit per wet weight of the initial material.
Short-chain fatty acids and lactate analysis
Caecal contents of rats receiving the same diet during the same period were pooled before lactate analysis. Lactate concentrations were determined enzymically using L-and D-lactate dehydrogenases (EC 1.1.1.27/28; D-Lactic/L-Lactic, Boehringer Mannheim). SCFA were analysed by GC according to Jouany (1982) on supernatant fractions of thawed samples centrifuged at 8000 g for 10 min. 4-Methyl valeric acid was used as internal standard. 
Chemicals
Statistical analysis
Statistical analysis was performed using the Statview F-4.11 package (Abacus Concepts Inc., Berkeley, CA, USA). Twoway ANOVA was used to assess the effects of diet, time of exposure to diet, and interactions between diet and time. When a significant effect of diet was found, means were compared by one-way ANOVA at each time period. Statistical significance was accepted at the P Ͻ 0⋅05 level.
Results
Food intake and body weight
There was no difference between the two diets with respect to food intake and the final weight of animals for each period (Table 2) .
Transit time, faecal output and caecal content
Transit time was not changed by PoS whatever the time period. Regardless of the time period, PoS augmented caecal wet content by increasing both DM and water content (Table 2) . Faecal output was also higher with PoS for every time period, although the effect decreased over time due to reduced DM and water excretion (Table 2) .
Caecal bacterial counts and caecocolonic concentrations of short-chain fatty acids and lactate
Except for Streptococcus sp. at 0⋅5 months, none of the bacterial populations enumerated in the present study was significantly affected by PoS (Table 3 ). The caecal concentration of total SCFA was increased by PoS after 0⋅5 months and throughout the whole ingestion period with PoS, but was not modified with the basal diet (Table 4) . PoS also increased the total SCFA concentration in the proximal and distal colon compared with the basal diet, although the increase remained similar over time (Table 5) . Propionate concentration was not changed by PoS, regardless of the segment considered. On the other hand, butyrate concentration was significantly increased in all three segments during PoS ingestion. This resulted in an increase in the 421 Colonic butyrate during resistant starch intake Table 2 . Food intake, body weight, transit time, caecal content and faecal output in rats fed on either a low-fibre diet containing starch (Basal) or the same diet enriched with resistant starch from potato (PoS) for 0⋅5, 2 or 6 months (Mean values for six rats per treatment with pooled standard errors)
Statistical significance of effect of: 0⋅5 months 2 months 6 months
ratio butyrate : total SCFA throughout the caecocolonic tract ( Fig. 1) , while the proportion of acetate decreased. With the basal diet, the molar percentage of propionate increased gradually over time throughout the large bowel (Fig. 1) . The PoS-induced increase in butyrate occurred after 2 weeks in the caecum and proximal colon, but only after 2 months in the distal colon. This butyrogenic effect increased gradually and was maximal at 6 months in the three segments. At this time, PoS increased by more than 10-fold the amount of butyrate in the caecum and proximal and distal colon compared with the basal diet (respectively: 206 
Mean values were significantly different from those for the Basal group: *P Ͻ 0⋅05. Table 4 . Caecal concentrations of short-chain fatty acids (SCFA) and lactate (mol/g wet caecal content), and pH in rats fed on either a low-fibre diet containing starch (Basal) or the same diet enriched with resistant starch from potato (PoS) for 0⋅5, 2 or 6 months (Mean values for six rats per treatment, with their pooled standard errors)
ND, not determined. Mean values were significantly different from those for the Basal group: *P Ͻ 0⋅05. † Lactate and pH are shown without SEM because they were determined in contents pooled by diet and ingestion periods (n 6). 
(SE 0⋅6) mol). The valerate concentration decreased with PoS in all segments, although the effect was significant only in the distal colon. Caecal lactate concentration was increased with PoS but did not change over time. Concurrently, the pH of caecal contents was decreased by PoS ingestion.
Discussion
The purpose of the present study was to investigate largebowel fermentation of a diet enriched in resistant potato starch (PoS) over several months in rats. Our main results show that the caecal concentration of SCFA increased throughout the 6-month experiment with PoS. This was particularly true for butyrate, whose concentration and molar ratio increased over time in the caecum and also in the proximal and distal parts of the colon. As expected, the addition of resistant starch to the basal diet resulted in an increase in caecal total SCFA concentration and a fall in pH. Furthermore, the SCFA rise was sustained and increased over time. Numerous factors control fermentation and SCFA production in the large bowel. Substrate supply (Macfarlane & Cummings, 1991) , environmental conditions, e.g. pH and transit time (El Oufir et al. 1996) , relative proportions of major bacterial species and the metabolic activity of microbiota (Macfarlane & Cummings, 1991 ) may all influence SCFA concentration and pattern. Regarding substrate supply, the daily intakes of raw potato starch were identical at 0⋅5, 2 and 6 months in rats fed on PoS. However, more organic matter may have reached the hindgut in older rats, as suggested by Mathers et al. (1993) since the weight of caecal contents increased over time with both the basal diet and PoS. Nevertheless, the increase in caecal DM was less marked with PoS (30 %) than with the basal diet (180 %), while the increase in SCFA was higher with PoS and not significant with the basal diet. Transit time did not seem to account for the increase in SCFA over time since it did not change between 0⋅5 and 6 months in rats fed on PoS. However, we cannot exclude the possibility that segmental transit time, particularly in the caecum, was modified by PoS over time. Mathers et al. (1997) reported that caecal transit time was prolonged by increasing intake of resistant potato starch in rats. This effect was a function of the hypertrophy of the caecum and of the considerable increase of DM content in that study. In our study, the weight of caecal DM content remained very similar over time in the rats fed on PoS, even if it was increased by PoS compared with the basal diet. A change in caecal transit time over time in the PoS group was therefore unlikely and did not appear as a major factor involved in the increase in SCFA concentration in these conditions. It is also unlikely that the effect was related to the age and body weight of the animals. Although the rapid growth rate of rats is a disadvantage in such a long-term experiment, the use of a control group (basal) and equal feed intakes, as well as the similar body weights for all rats, made it possible to compare measurements over time. No time-induced modifications were noted in the caecocolonic SCFA concentration in rats fed on the basal diet, which is in agreement with a previous study showing that large-bowel fermentation was independent of age in rats fed on an oat-based diet (Mathers et al. 1993) .
It is our belief that the time-dependent increase in SCFA with PoS is indicative of the increased fermentation capacity of the caecum. It is noteworthy that faecal output of wet matter and DM decreased over time with PoS, but did not change significantly with the basal diet. Conjointly with the increase in caecal SCFA concentration, this strongly suggests that PoS utilization by caecal bacteria increased over time, thus decreasing the amount of dry residues excreted in stools. This hypothesis is consistent with the work of other investigators who have shown that the extent of fibre fermentation can increase over time in rats (Tulung et al. 1987) . With respect to resistant starch, Brunsgaard et al. (1995) reported that at least 1 month was required to obtain stable starch digestibility in rats fed on a diet containing retrograded high-amylose starch, and that faecal content of glucose was still decreasing after 8 weeks of chronic ingestion of the resistant starch diet. A similar observation was made by Faulks et al. (1989) using resistant pea starch. These authors observed a gradual decline in the faecal content of starch and an increase in the apparent digestibility of pea starch throughout the 18 d of their experiment.
The increase in fermentation capacity may have resulted from the adaptation of intestinal flora, either through the induction of specific amylolytic enzymes or the selection and/ or stimulation of PoS-utilizing bacterial populations. Some saccharolytic enzymes are not spontaneously expressed by bacteria but must be induced (Salyers & Leedle, 1983) . In addition, some workers have suggested that the microflora adapts to the entry of new substrates by changing its composition relative to micro-organisms that are efficient in fermenting them (Tulung et al. 1987; Varel et al. 1987) . In our study, it is unlikely that the increase in PoS fermentation was due to specific enzyme induction. Indeed, induction of a specific degradative enzyme is usually a rapid phenomenon (Salyers, 1985) . In the particular case of amylases, induction was achieved within a few hours when starch was used as a growth substrate (Cotta, 1988; Macfarlane et al. 1990) . Such a delay does not fit with the time required for adaptation in our experimental conditions. In addition, intestinal microbiota spontaneously contains high numbers of amylolytic micro-organisms (Macfarlane & Englyst, 1986) and elevated amylolytic activity (Englyst et al. 1987) . However, the particular structure of resistant potato starch could impede the activity of these amylolytic bacteria and/or enzymes (Wyatt & Horn, 1988; Reid et al. 1996) . The inherent structure of the polysaccharides might limit the penetration of bacteria into the starch granule (Wyatt & Horn, 1988) , possibly affecting the binding of bacteria to the substrate, which is essential for starch utilization in some bacterial strains (Reeves et al. 1996) . This might also alter the activity of the amylolytic enzymes, which are mainly associated with bacterial cells (Englyst et al. 1987) . However, extracellular amylolytic activity could also be produced in some bacterial strains (Cotta, 1988) . The adaptation we observed could have resulted from a progressive selection of such particular bacterial populations. Yet no major differences were noted in the level of the main caecal bacterial genera with PoS in our investigation, although it cannot be excluded that chronic ingestion of PoS may have selected some bacterial genera which were not investigated by us, such as Eubacterium sp., Clostridium sp., Fusobacterium sp. or Butyrivibrio sp. which have been identified as starch fermenters (Macfarlane & Englyst, 1986; Macfarlane & Macfarlane, 1993) . Moreover, as the techniques used by us did not allow a distinction to be made between bacterial species, changes in the balance between species within a particular genus could have occurred without being detected. In fact, Kleessen et al. (1997) detected an increase in two species of lactobacilli, L. acidophilus and L. plantarum, as well as in Bifidobacterium sp. in the caecum of rats fed on a diet containing 170 g raw potato starch/kg for 5 months, whereas numbers of bacteroides, clostridia, streptococci and enterobacteria were not changed.
Long-term intake of PoS also increased caecal and colonic concentrations as well as the molar proportion of butyrate. It is well known that fermentation of resistant starch produces high concentrations of butyrate (Scheppach et al. 1988; Phillips et al. 1995; Silvester et al. 1995) . However, in our present study, the molar proportion of butyrate increased over time in rats fed on PoS. Previous investigators have already reported such a time-related change in the distribution of end-products of fermentation. In vitro fermentation of guar gum with faeces of rats adapted to a guar-gumcontaining diet produced significantly higher concentrations of butyrate from 11 weeks after the start of the diet (Weaver et al. 1996) . The authors concluded that colonic microflora adapts to produce more butyrate if given time and the proper substrate. Previously, Bianchini et al. (1992) reported that the acetate : butyrate ratio was significantly lower in rats fed on a maize-starch diet for 105 d than in those fed on a sucrose diet for the same period, whereas the ratio values were similar in rats fed on these diets for only 30 d. In addition, it was recently shown that the molar proportion of butyrate declined when resistant potato starch intake increased in rats (Mathers et al. 1997) . This result may be further evidence that colonic microbiota needs to adapt to utilize resistant starch. Quite interestingly, the increase in the proportion of butyrate developed up to the distal colon in rats fed on PoS in our present study. It was not apparent at 0⋅5 months but only after 2 months, and increased even further at 6 months. Similarly, the proportion of butyrate continued to increase in the proximal colon after 2 months, reaching its maximal value at 6 months, whereas it appeared to be stable at 2 months in the caecum. Contrary to results for the caecum, the time-related increase in butyrate concentration was not paralleled by a significant rise in total SCFA concentration in the proximal and distal colon, which suggests that the effect was not due to a displacement of the site or an enhancement of PoS fermentation in the distal parts of the colon but to an orientation of bacterial metabolic activity toward butyrate production. This would be consistent with the hypothesis of a selection over time for specific amylolytic bacteria such as Clostridium sp., Eubacterium sp., Fusobacterium sp. or Butyrivibrio sp., some members of which are butyrate producers (Salyers, 1995) .
The increase in butyrate concentration over time throughout the caecocolonic tract may have influenced gut functions. Butyrate, which is the preferred fuel for colonocytes (Roediger, 1995) , can stimulate epithelial growth in rats fed on an elemental diet (Sakata, 1987) , increase water and Na absorption in goat colon and isolated human colon (Argenzio et al. 1975; Roediger & Moore, 1981) , and modulate gastrointestinal motility in animals and human subjects (Cherbut, 1995) . In the present study, mucosal changes and water absorption were not investigated. However, it is noteworthy that the difference in caecal water content between the basal and PoS groups decreased over time. Similarly, the difference in faecal water output between the two groups was reduced after 2 months. Butyrate may also have contributed to the shorter transit time observed in rats fed on PoS after 6 months, compared with the basal diet, since an increase in butyrate concentration can decrease colonic transit time in rats (Cherbut et al. 1998) .
In conclusion, the present study shows that the long-term ingestion of PoS increases caecal SCFA concentration and decreases pH, promotes butyrate production throughout the caecocolonic tract, and increases faecal output. All of these digestive effects are usually considered to be beneficial for host health. In addition, this study sheds light on the slow adaptive process occurring in the digestive tract in response to a chronic load of indigestible carbohydrates and suggests that the long-term effects of such products should be evaluated.
